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Relative retention, volatility, and temporal release of volatile compounds taken from aldehyde, ester,
and alcohol chemical classes were studied at 70 °C in model systems using equilibrium static
headspace analysis and real time dynamic headspace analysis. These systems were medium-chain
triglycerides (MCT), sunflower oil, and two structured systems, i.e., water-in-oil emulsion and L, phase
(water-in-oil microemulsion). Hydrophilic domains of the emulsion type media retained specifically
the hydrophilic compounds and alcohols. Four kinetic parameters characterizing the concentration-
and time-dependent releases were extracted from the aroma release curves. Most of the kinetic
parameter values were higher in structured systems than in oils particularly when using MCT. The
oil nature was found to better control the dynamic release profiles than the system structures. The
release parameters were well-related (i) to the volatile hydrophobicity as a function of the oil used
and (ii) to the retention data in the specific case of the L, phase due to a specific release behavior
of alcohols.
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INTRODUCTION (w/o) emulsions 12, 13) has been largely investigated in order

The aroma percention of food before and during consumotion to understand the influence of most food structures on the
P P 9 P mechanisms governing flavor release and delivery. Under

Eea;\gcrc?ral r?(i:éo:]g\r,:,wrnegcgo2?;§je:hp;tefiireonrgz??g f&g?;’b%%gg dynamic conditions, lipids appear to act as a flavor reservoir
: . 9 9 nd induce a time-dependent aroma release resulting in a delayed
sensory perception, aroma compounds have to be delivered agerception (5,14). These studies showed how lipids and

the approprl_ate _rate f’md profiles over tinie ). A bur_st of emulsions modulate flavor release and perception.
flavor and its lingering effect upon food preparation and

; : - Single or multiple (e.g., w/o/w) emulsions, therefore, con-
consumption are temporal, and desired phenomena are provided., . . . e
. ) . - Stitute aroma delivery systems of great interest combining
by the differential release of volatile8,(4). Dynamic aroma . ; : N .
L . hydrophilic and hydrophobic domains and exhibiting a potential
release patterns change significantly as a function of the of controlled release propertie$5, 16). The introduction of a
physicochemical characteristics of the volatil&3, (the food prop P

. o . diffusional lipid barrier and interfacial resistances to mass
matrix composition (6), the matrix structure, and the aroma— -

S . transfer between the aqueous phase and the gas (or liquid) phase
matrix interactions (7).

. . . is expected to reduce the transfer rate of hydrophilic compounds,
Lipid phases are ingredients of many food products and are P ydrop P

. ) thus controlling their release (137).
widely known to affect aroma release and perception as well g (137)

- Water-in-oil microemulsions (or Lphases) are also ternary
as thg food structure and mouthfe8).(Basically, the hy‘?'TO'. systems (water, oil, and surfactant) presenting hydrophobic and
phobic nature of aroma compounds leads to their partitioning

: g : h . ¥ hydrophobic properties, but they differ fundamentally from
into lipids fand there_fore to a reduction of th.e" concentration o, gjons with respect to their formation and stabilitg), The
and odor intensity into the gas phase, while the headspace

intensity of hvdrophili dsi 6 | microemulsion constituents organize themselves autonomously
intensity ot hydrophilic compounds increas % fromare €3S " into patterns, which are governed by the interactions exerted
from bulk oils (10), oil-in-water (o/w) (11), and water-in-oil

between the components in the system. Microemulsions are,
therefore, thermodynamically stable and form a self-assembly
*To whom correspondence should be addressed. E-mail: jean- structure 19). In contrast, w/o emulsions are thermodynamically
claude.spadone@rdls.nestle.com. . L -
unstable and separate into a distinct lipid and water phase as a
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emulsions and microemulsions is their appearance. An emulsion100 mL of oil (40 cm liquid height) at flow rates ranging from 30 to

is turbid while a microemulsion is transparent. This visual 100 standard cubic centimeters per minute (sccm). Air bubbles were

difference in appearance is directly linked to the water droplet generated by means of a sintered glass disk (two disks were tested) or

size, being in the range of 16000 nm for w/o emulsions a nozzle (10 cylindrical holes of 0.18 mm diameter) designed as
’ . - described by Pollien et al25). The pore diameter of the sintered glass

and 1-100 nm for w/o microemulsiond.8). Some patents have . NI

been issued on the application of microemulsions and other seIf-O“SkS ranged from 17 to 40 and from 101 to 4@@. The liquid-air

- . equilibrium reached in the bubbles depended on the bubble size and
assembly structures in the food industgy 0, 21). However, their residence time within the liquid. The residence time was given

no W0r|_( has beer_l reported on the release of aroma compounds,y poth the liquid height (optimized and fixed at 40 cm) and the vertical
from microemulsions. speed of the bubbles governed by their si2é)( The stripping gas

In the present study, the effect of structured lipid-containing flow rate was adjusted to minimize the air bubble diameter inside the
systems on the dynamic aroma release was evaluated by meang! phase, i.e., in the range of3 mm. A PTR-MS (lonicon, Innsbruck,
of on-line real-time measurements using a direct mass spec-Austria) was used to measure the decrease of the volatile compound
trometry method, i.e., proton-transfer reaction mass spectrometryconcentrations in the stripping gas. . N
(PTR-MS). Water-in-oil emulsions and w/o microemulsions A double stripping cell setup was used to determine the volatility
were compared relatively to a reference system, i.e., a bulk oil of decanal in oil. The first s_,trlpplng cell was filled with the flavorgd

oo . . oil (4000 uL/L decanal), while the second cell (connected to the first

phase. A second objective of the work was to investigate how

. - . one) contained pure oil. The air stream (100 sccm flow rate) stripped
a change in the lipid type could influence the aroma release e yojatile aroma compound from the first cell and enriched the oil of

from these systems. Medium-chain triglycerides (MCT) and the second cell with the compound on the way through the 2d). (
sunflower oil were chosen for their difference in chain length The increasing volatile compound concentration in the stripping gas

and degree of saturation. An arommatrix interaction study leaving the second cell was measured on-line to determine the
was conducted in order to determine the influence of these compound volatility. The double cell configuration was more adapted
interactions on the aroma release profiles. A model system of to the measurement of compounds of medium to low volatility because
aroma compounds was selected in order to provide a betterof its higher accuracy and speed (24 h measurement for single cell as
insight into the physicochemical properties of the volatiles that c0mpared to a few hours for a double cell). _

control the release from bulk oil systems, w/o emulsions, and Liquid—air partition coefficients were calculated as described by
microemulsions. All instrumental measurements were conductedKarl et al. @4) for the single and double cell methodology. Volatility

at 70°C to siml.JIate aroma release and perception during the determinations were performed ir-2 replicates. Variation coefficients

. . ranged from 4 to 13%.
preparation or reconstitution of hot food products. Dynamic Aroma Release MeasurementThe experimental setup

used for the dynamic aroma release measurements has been fully
MATERIALS AND METHODS described previously26, 27). Samples of 100 mL were first heated to
70°C for 10 min and poured into a water-purged double-jacketed glass
cell (250 mL total volume) thermostated at 70. The cell was then
'tightly connected to its lid with a clamp. Air was introduced into the

Aroma Compounds.Acetaldehyde, methyl formate, ethyl butanoate,
1-octanol, nonanal, and decanal were purchased from Fluka (Buchs

Switzerland); 1-butanol and hexanal were from Aldrich-Sigma (Stein- o4 injet of the cell in order to continuously purge the headspace sample

heim, Germany); and ethyl acetate was from Merck (Darmstadt, 4 500 scem. The sample was stirred at 180 rpm, and the temperature
Germany). The concentrations of the nine aroma compounds were,, -« anitored during the on-line analysis. The sample gas coming

chosen so that the fragment ions of the different aroma compounds ¢, the cell outlet was diluted by air at 5000 sccm. Purge and dilution
could give a detectable instrumental signal and had no interference . fiows were controlled with two flow controllers (Brooks Instruments

between each other. The concentrations of the aroma compounds iNg v/ Holland). The glass vessel was fixed inside a temperature-
uL/L were as follows: 5 for acetaldehyde, 5 for methyl formate, 50 '

for butanol, 50 for ethyl acetate, 40 for hexanal, 5 for ethyl butanoate, ,ir ang to avoid water and aroma condensation into the cell and tubings.
400 for octanol, 800 for nonanal, and 1000 for decanal. _ An exhaust line released most of the gas volatiles since a small amount
Preparations of Samples.Oils. MCT oil (Delios V, Cognis, of sample gas was required for analysis by the detector. Only an 80
lllertissen, Germany) and sunflower oil (Oleificio Sabo, Manno, scem fraction of sample gas was introduced into the PTR-MS drift
Switzerland) were used to prepare the three investigated matrices: 100%,pe.
oil system, L phase, and w/o emulsion. _ _ Because the fragmentation of the volatile compound detected by
Pure Oil SystemsThe pure oil systems were prepared by dissolving pTR-MS decreases as the gas humidity increag8y the sample
the aroma compounds in oil. humidity had to be maintained at the same level for each medium type.
L2 Phases. The microemulsions were constituted of 10% water, 30% The jonmy/z 37 was hence monitored because it corresponded to a water
unsaturated monoglycerides (Dimodan U/J, Danisco, Grinsted, Den- cluster coming from both the generation of primanCH ions and the
mark), 60% oil, and the nine aroma compounds. The mixture was heatedsample humidity. The 4 phase and w/o emulsion induced the water
to 70°C for 5 min and manually shaken. The samples were then cooled c|uster intensity, which was 10-fold higher than for pure oil systems.
down to room temperature in order to form the microemulsion. For pure oil systems, the dilution gas was first introduced through a
Emulsions. The w/o emulsions were composed of 10% water, 5% stripping vessel containing water kept at°I2 This setup allowed the
polyglycerol polyricinoleate (PGPR 90, Danisco), 85% oil, and the nine  same water cluster level to be reached for all systems studied. On-line
aroma compounds. Emulsification was performed by homogenization measurements were performed for 10 min inS3replicates for each

controlled oven (90C) in order to warm up the purging and dilution

(Ultra-Turrax, 2 min, 20500 rpm). sample.
Liquid—Air Partition Coefficient Determination. The liquid—air Tenax Trap Analysis. The sample gas released through the exhaust
partition coefficients of the aroma compounds in oil at°TD were line was collected on a Tenax trap for the analysis of the volatile

determined using a dynamic technique as reported by Leroi €22)l. ( compounds. The trapping flow through the Tenax adsorbent was
and Mackay et al.23). This stripping method was adapted to perform adjusted to 50 sccm by a membrane pump combined with a flow
the on-line measurement of the volatile compound concentration in the controller. The volatile entrapment on the Tenax trap was performed
headspace by PTR-MS (225). for 2 min. The entrapment time was optimized in order to adsorb
For all considered volatile compounds, except decanal, a single sufficient amounts of all volatiles measured. The volatile compounds
stripping cell configuration was used. The compound concentrations desorbed from the trap were then separated by gas chromatography
in MCT or sunflower oil varied from 2 (acetaldehyde and methyl and analyzed by PTR-MS and electron ionizatiomass spectrometry
formate) to 60QuL/L (nonanal) depending on the compound solubility  (EI-MS). The simultaneous detection by the two detectors allowed a
and volatility in oil. Air was introduced into a stripping cell containing  full identification of all molecules trapped during the release process
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and the interpretation of the on-line spectrum obtained by PTR-MS Taple 1. Hydrophobicity and Air-Oil Partition Coefficients (Values x
(27). The Tenax trap analysis was performed on the six oil systems. 105 + Standard Deviation) of the Aroma Compounds in MCT and
PTR-MS. The PTR-MS (lonicon Analityk) analyzed, online, inreal  synflower Oil at 70 °C, Measured by PTR-MS with Single or Double

time the headspace gas introduced into the drift tse 30). Stripping Cells (Double Cell Setup Only for Decanal)
Liquid—Air Partition Coefficient.For volatility measurements, the
full mass spectrum fronm/z 20 to 160 was monitored by PTR-MS compound log P2 MCT oil sunflower oil
with & 0.2 s dwell time per mass.. o _ acetaldehyde ~0.16 2890 + 99 3000 + 222
On-line Release MeasuremeBDuring preliminary experiments, each methyl formate ~0.23 1883 + 61 NDb
volatile compound was dissolved individually in MCT oil and scanned butanol 0.88 161 + 29 ND
from m/z 20 to 160, with a 0.2 s dwell time per mass, in order to ethyl acetate 0.71 546 + 1 ND
determine the fragment ions of the aroma compounds studied. Nine  hexanal 197 84+3 108+8
specific masses were selected based on the scan data)/zd5 for ethyl butanoate 1 113+1 ND
acetaldehydem/z 33 for methyl formatem/z57 for butanol,m/z 89 ﬁg;a;r?; ggg Z? : é-g . y'i o
for ethyl acetatemn/z101 for hexanalm/z117 for ethyl butanoaten/z decanal 409 13401 29404

71 for octanol,m/z 143 for nonanal, andh/z157 for decanal.

A multiple ion detection mode was applied to monitor the on-line
aroma release profiles. The volatile concentrations in the gas phase
were calculated inL/L (30).

Headspace Analysis by Solid-Phase Microextraction (HS-SPME).

The different systems (2 g) containing the nine aroma compounds were To further compare the samples, the following parameters were
placed in 10 mL vials. The fiber type, the equilibrium time before extracted from each kinetic curve: the release rate over the initial 15
analysis (15, 30, and 60 min at 7€), and the linearity range of s obtained by linear regression; the maximum intensity reached over

2log P values calculated by the ACD/Log P DB software. ?ND, not determined.

detection were tested to optimize the study of the arematrix 10 min (lnay; the time needed to readhax (tnay €Xxpressing the delay

interaction by HS-SPME. for maximum intensity; and the area under the curve between 0 and
The polydimethylsiloxane/divinylbenzene (PDMS/DVB, &%) and 10 min (area 6-10) representing the global release intensity. Each

polydimethylsiloxane/carboxen (PDMS/CAR, @) fibers (Supelco, release curve was characterized by means of 36 sample characteristics

Bellefonte, PA) were tested using a sample of MCT oil containing the (nine massesc< four parameters). The samples were compared using
aroma compounds at the concentrations indicated in the section Aromaone-way analysis of variance applied on each sample characteristic,
Compounds and incubated for 15 min at . followed by a multiple comparison test, the Fisher’s least significant
The optimal linear range of the selected SPME fiber was determined difference (LSD), on a 5% significance level.
by varying the concentrations of aroma compounds by a factor of 0.1,  The comparison of two lipid systems A and B was visualized using
0.5, 1, 1.5, and 2 as compared to the values given in the section Aromaone bivariate chart for each of the four extracted parameters. The
Compounds. specific mass of the volatiles, their hydrophobicity (expressed by the
A multipurpose sampler (MPS2, Gerstel Applications, Brielle, The calculated logarithm of the wateoctanol partition coefficient, l0§),
Netherlands) was used to automate the SPME injections. The fiber wasOr their relative retention in the corresponding model systems were
exposed for 1 min to the vial headspace kept at°@0 This short plotted on theX-axis.
duration of fiber exposure was chosen to allow extraction mainly from  As a complement, the correlation between ¥and theY values
the headspace and not from the sample. The fiber was then insertedvas also calculated. High correlations (positive or negative) indicated
into the GC injector for the volatile thermal desorption at 280for that the two compared samples showed a debalancing of the quality of
10 min (injector split after 3 min). the released aroma that could directly be related toxthalues.
Gas Chromatography—Mass Spectrometry (GC-MS).Tenax Trap
Analysis.The volatile compounds adsorbed on the Tenax trap were RESULTS AND DISCUSSION
thermally desorbed by an automatic thermal desorber (ATD 400, Perkin- . . .
Elmer, Boston, MA) for 10 min at 258C. After they were cryofocused, PhyS|cochem_|caI Characteristics of the Aroma Com-
the volatile compounds were injected into a GC-MS (Trace 2000 series POUNds. The nine aroma compounds were selected from
GC equipped with an Automass Multi MS, Thermo Quest Ltd., Herts, aldehyde, ester, and alcohol chemical groups with a view of
United Kingdom). The volatiles were separated on a 60 m DB-Wax Providing different physicochemical characteristics, such as

capillary column, 0.53 mm i.d., zm film thickness (J&W Scientific, molecular weight and octanelvater partition coefficient (log
Folsom, CA). The oven temperature was kept at@@or 1 min, then P) (Table 1). The latter is considered as a theoretical constant
ramped from 20 to 220C at a rate of #C/min, and held at 220C expressing the volatile hydrophobicity. The higher the kg

for 10 min. A split was introduced at the end of the capillary column ya|ye is, the more hydrophobic is the aroma compound. Values
for the coupling to the two MS detectors, EI-MS, and PTR-MS. The  of |09 p and molecular weight of the volatiles selected were
full technical features of the simultaneous coupling to EI-MS and PTR- linearly well-correlated ( = 0.97). In this paper, the release

MS have recently been described by Lindinger et27){ behavior of the aroma compounds selected was then discussed
SPME AnalysisThe GC (HP 6890 series, Agilent, Avondale, PA) . . e

was coupled to a mass selective detector (MSD 5973, Agilent). The rela_t've t_o the'r _hydropho_b!cny. . o

GC run started at 20C for 3 min, and then, the oven temperature AIr—Oil Partition Coefficient (K).The partition coefficient

increased at C/min to 240°C (10 min). The mass spectrometer ~ Of the aroma compounds between air and oil was measured to

operated in the full scan mode (m28—350) at 4.42 scans/s. The characterize their affinity for the two oils at 7€ (Table 1).

specific ion traces monitored for quantification were as followrs/z As expected, the airoil partition coefficient of the nine
44 for acetaldehyden/z 60 for methyl formatem/z 56 for butanol, compounds decreased with increasing hydrophobicity. The
m/z 43 for ethyl acetatey/z 72 for hexanalmvz 88 for ethyl butanoate,  molecule hydrophobicity was well-related to the natural loga-
m/z 84 for octanol,m/z98 for nonanal, andn/z112 for decanal. rithm of their volatility (In K), i.e.,r > 0.98 in MCT and

Data Analysis. The statistical data analysis was performed in two sunflower oils.

steps: extraction of the relevant parameters from the release curves . .

and comparison of the extracted parameters between the different Th? homolquus .se”es of aldehydes d.emonsua.ted a higher
systems. Microsoft Excel and NCSS1( were used to perform these partition coefficient 'r_' SU“f"?"‘_’ef O'I, than in M,(?T ,O"' except
analyses. for acetaldehyde, which exhibited similar volatility in both oils.

For each sample, the aroma release data consisted of nine ion traced Ne same matrix effect was reported by Chaintreau eBa). (

recorded over 10 min. These kinetic curves were visualized using simple With 2-butanone when comparing MCT ¢K 1.4 x 1073) and
bivariate charts, allowing a direct description of the release behavior. soja oils K = 2.6 x 1073) at 30°C. The MCT oil used in the
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present work included caprylic (C8) and capric (C10) fatty acids Taple 2. Release (%)? of the Aroma Compounds in the L, Phases
at 60 and 40%, respectively. The averaged sunflower oil and wio Emulsions Relative to MCT or Sunflower Bulk Oil, Obtained
composition was dominated by C18:1 and C18:2 fatty acids, at by SPME Headspace Analysis

20 and 67%, respectivel38). Consequently, sunflower oil, like

soya oil, should exhibit a higher hydrophobicity than MCT oil. oil used in model systems
However, most of the volatiles should have a higher affinity compound system ratio MCT oil sunflower oil
for oils of higher hydrophobicity and consequently a lower  acetaldehyde oil 100 a 100 a
volatility. Rabe et al. 4) came to the same conclusion with Lz phasefoil 35b 36b
o/w emulsions and showed that the molarity of the lipid phase, wio emulsion/oil 41b 49¢
i.e., the number of oil particles, played a dominant role on the mefthyl formate ol ; 100a 100a
e ! - . " L, phase/oil T74b 64 b
release process of flavors under static and dynamic conditions. wlo emulsion/oil 48¢ 11¢
The differences in release from emulsions made with different  butanol oil 100a 100a
oils (average carbon number: C9, C14, and C16) became Lo phasefoil 42b 33b
nonsignificant for most of the compounds when the same Wio emuision/oil Bac Bac
: . . . ethyl acetate oil 100 a 100 a
molarity was applied for the different oils. L, phase/oil 1002 93b
The measured airoil partition coefficients measured in the wlo emulsion/oil 93b 98a
present study were compared with the literature values. The hexanal E" haselol 13258 12(3’3
highest temperatures found in the literature for the same V\j(fe?nsjggnlon 76 b 89a
compounds diluted in vegetable oils were 37 and®°@0(35, ethyl butanoate oil 100 a 100 a
36). The published data report lower partition coefficients than L, phase/oil 125h 109 b
in the present work. This difference seemed linked to a wio emulsion/oil 95¢ 101a
temperature effect since increasing the temperature results in °2" E" ohaselo lgg‘g 1ggg
an increase in the ailiquid partition coefficients. Karl et al. WZ/O emulsionfoil 9% a 100 a
(24) used the same device as described here and validated the nonanal oil 100 ab 100a
dynamic stripping method interfaced with PTR-MS through a Lz phasefoil % a 92b
comparison of their volatility data obtained for alcohols, wio emulsion/oil 102b lac
. . . decanal oil 100 a 100 a
aldehydes, and ketones with data reported in the literature. The L, phaseloil 91b 90b
literature values were in good agreement with their experimental wlo emulsion/oil 96 ab 112a
results obtained at the same temperature.
Aroma—Matrix Interactions.The procedure applied to isolate 2 Data for one compound with different letters in the same column are significantly

the aroma compounds by SPME was first optimized. A PDMS/ different (p < 0.05).
CAR fiber was selected because it presents the highest capacitx
to adsorb and was the most sensitive to small molecules such
as acetaldehyde and methyl formate. Equilibration times from
15 to 60 min provided reproducible peak areas by GC-MS. Thus,
an equilibration time of 15 min was chosen for all of the samples
at 70 °C. Finally, the linearity of detection of the volatile

compounds desorbed from the PDMS/CAR fiber was satisfac-
tory in our experimental conditions with linear correlation

coefficients from 0'8_8 0 0'9,8' The correlations between the retention data and thePlog

The occurrence of interactions between thg aroma cqmpoundg,ames were investigated in more detail. Correlation coefficients
and a structured model system was determined relative to theof 0.4 and 0.8 were found for the bhase and the w/o emulsion
release in the reference system, i.e., pure MCT or sunflower ¢ 5| of the compounds studied and irrespective of oil nature,
oil (Table 2). A release percentage significantly lower than egpectively. For the Lphase, a better correlation occurred when
100% (reference) indicated a retention of the aroma Compoundconsidering each homologous series separatety 0.97 for
by the structured oil system. esters and aldehydes). The interactions between the aroma

The lowest relative retentions were observed for acetaldehyde,compounds and the constituents of thephase are very specific
methyl formate, butanol, and octanol. The volatile retention was and depend on the chemical function and the carbon chain length
generally more pronounced in the presence of sunflower oil. of the compounds. The volatile retention in both structured
Acetaldehyde release was greatly reduced—8% release  emulsions increased as the compound hydrophobicity (or log
relative to both bulk oils) in both the jJLphase and the w/o P value) decreased, i.e., as the compound became more
emulsion. The methyl formate release was characterized by ahydrophilic. On the one hand, the hydrophilic domains of the
large decrease in the w/o emulsion (only 11% release in the |, phase and w/o emulsion increased the retention of hydrophilic
w/o emulsion relatively to the release in sunflower oil), while compounds. The hydrophilic domains consist of the water
butanol and octanol were better retained in thepbase (33 droplets, which are stabilized by an emulsifier interfacial layer.
and 35% release in the;Iphase relatively to the release from  On the other hand, the hydrophobic continuous phase of these
sunflower oil). The release of the other volatiles was similar systems seemed to behave as a bulk oil phase for hydrophobic
from the L phase and the w/o emulsion or differed significantly. compounds. Only compounds that present a certain amphiphilic
The release of ethyl acetate, hexanal, ethyl butanoate, nonanalstructure, such as butanol and hexanol, appeared to be retained
and decanal varied from 73 to 125%, which demonstrated a more by the microemulsion than by the emulsion system. The
low retention or even no retention at all by the structured oil higher interfacial area of the microemulsion could be the
systems. characteristic that explains this observation.

Four compounds, i.e., acetaldehyde, methyl formate, butanol, The interactions between the aroma compounds and the
and octanol, behaved in structured oil systems differently from emulsifiers diluted in oil, in the absence of dispersed water

he other compounds. Acetaldehyde was well-retained most
likely due to the hydrophilic domains present in both the
emulsion and the microemulsion systems, while methyl formate
was particularly retained by the hydrophilic domains of only
the w/o emulsion. The release of butanol and octanol decreased
strongly in the L. phase. This particular behavior was not
observed for the other compounds having a similar hydro-
phobicity.
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Table 3. Release (%)? of the Aroma Compounds in Mixtures of Oil
and 60% Monoglycerides (Oil-MG) and Mixtures of Oil and 5% PGPR
(Oil-PGPR), Relative to MCT or Sunflower Bulk Oil, Obtained by
SPME Headspace Analysis

oil used in model systems

compound system ratio MCT oil sunflower oil
acetaldehyde oil 100 a 100 a
oil-MG/oil 59b 70b
oil-PGPR/oil 9 a 102 a
methyl formate oil 100 a 100 a
oil-MG/oil 103 a 96 ab
oil-PGPR/oil 113a 95hb
butanol oil 100 a 100 a
oil-MG/oil 57b 45h
oil-PGPR/oil 103 ¢ 98a
ethyl acetate oil 100 ab 100 a
oil-MGoil 101b 96 b
oil-PGPR/oil 104 a 100 a
hexanal oil 100 a 100 a
oil-MG/oil 78b 84 Db
oil-PGPR/oil 106 a 115¢
ethyl butanoate oil 100 a 100 a
oil-MG/oil 116 b 110b
oil-PGPR/oil 108 a 110b
octanol oil 100 a 100 a
oil-MG/oil 66 b 47b
oil-PGPR/oil 114 a 119a
nonanal oil 100 a 100 a
oil-MG/oil 86b 87a
oil-PGPR/oil 111a 128 b
decanal oil 100 a 100 a
oil-MG/oil 82b 82a
oil-PGPR/oil 113a 126 b

aData for one compound with different letters in the same column are significantly
different (p < 0.05).

droplets, were examined in order to evaluate the role of the
structured system composition on the aroma rele@ablé 3).

The presence of 5% PGPR in oil induced only a low variation

of the aroma compound release relatively to the reference
system. No strong influence of PGPR on the aroma release wa:
detected. Therefore, in the case of the PGPR-stabilized w/o

emulsion, the dispersed water droplets were responsible for the

increased retention of acetaldehyde, methyl formate, and butano
measuredTable 2). However, the addition of 60% monoglyc-
erides in oil significantly reduced the release of acetaldehyde,

butanol, and octanol. For these aroma compounds, the retention

observed in the & phase could be partially explained by
interactions with the monoglycerides.

Identification of the lons Monitored by PTR-MS. The
compound concentration was adjusted to minimize the interfer-

ences between fragment or parent ions of the different molecules
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compound corresponded to the ion signalnatz 33 for the
methyl formate molecule with a variation of #26% of the
whole spectrum. The occurrence of methanol, i.e., a methyl
formate impurity, explains this lower but reliable contribution.
The GC-PTR-MS data were not reproducible for théz 33

ion when using the w/o emulsions made from MCT or sunflower
oil (0—45% contribution); therefore, the data from w/o emul-
sions were not taken into accountTiable 3.

This finding, obtained under dynamic conditions, is in
agreement with the retention data (Table 2). The retention of
methyl formate by the w/o emulsions was particularly high and
led to 11 and 48% release from the emulsions made from MCT
and sunflower oil, respectively. Methyl formate could be
partially hydrolyzed in the water droplets and/or involved in
specific interactions within these emulsions. In the casa/af
33 ion, the dynamic release curves of the w/o emulsions were
not considered since they corresponded to methanol rather than
to methyl formate.

Parameters Extracted from the On-line Release Curves.
The parameters first extracted from the release curves were the
following: the linear release rate over initial 15, 30, and 60 s;
the maximum aroma intensity(ay; the time needed to reach
[max (tmay); the rate to reachmnax (Ima)tmay); and the area under
the curve between 0 and 15 s;80 s, 0—60 s, and 0—10 min.
The discriminative character of the extracted parameters from
the release curves was investigated. The discrimination power
of each parameter was given by tReatio calculated as a one-
way analysis of variance (data not shown). Thevalue is
expressed by the ratio of the parameter variation between the
oily systems to the parameter variation within these systems.
Therefore, the discrimination power of each parameter increases
with the F ratio value. Thetnax parameter, although showing
the lowestF ratio due to high variability, expressed the time
needed to reachnax and could then reveal a possible delay
in the release of the volatile compounds. Tihgx parameter
had the highesF ratio. The ratelmadtmax Was not selected
because of low discrimination power due to the high variability

f tmax

The second criterion used to select consistent parameters was
Ithe occurrence of internal correlations between the different
extracted parameters (data not shown). The linear rates over
initial 30 and 60 s, as well as the areas between 0 and 30 and
—60 s, were positively and highly correlatedltgyx On the
contrary, the very initial release behavior (15 s) was not well-
represented bymax The three areas between 0 and 15, 0 and
30, and 0 and 60 s were highly correlated to each other as well
as to the rate over 15 s.

Conclusively, the selected extracted parameters were the

and hence ensure a good correlation of each monitored ion forlin€ar release rate over 15 s (rate 15y tmax, and the area

the assigned molecule. For instance, 289 ion is the parent
ion of ethyl acetate as well as a fragment ion of ethyl butanoate.
The ethyl butanoate concentration was then decreaseglid 5

L, i.e., 10-fold lower than the ethyl acetate concentration to limit
the overlapping of then/z89 ion.

under the curve from 0 to 10 min (area 0—10), which
represented the overall release intensity (Tablendb5).

The rate 15,lmas and area 810 parameters obtained in
structured systems made from MCT oil were similar or
significantly higher than the parameters obtained from the pure

As a one-dimensional technique, PTR-MS characterizes theMCT oil (ratio =100) and particularly in the case of arealDd

detected compounds only via the recorded masses. The com{ratios >300) (Table 4). The temporal release of the volatiles
bination of a volatile separation by GC with a simultaneous from the L, phase and the w/o emulsion was hence characterized
and parallel detection by PTR-MS and EI-MS enabled (i) the by a fast initial release over the first 15 s and a higher
identification the molecules released (added molecules and theirconcentration in the headspacgdand area 0—10).
possible impurities) and (ii) the interpretation of the on-line The tmax ratios for the L phase and the w/o emulsion were
spectra obtained by PTR-MS. lower or equal to 100. Some aroma compounds, i.e., octanol,
The monitored masses contributed between 72 and 100% ofnonanal, and decanal, were therefore released faster from
the assigned volatile compounds released from the differentthe studied structured systems than from the pure MCT oil
systems. The lowest contribution of a mass to a volatile (Table 4).
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Table 4. Ratios? of the Parameters Extracted from the PTR-MS Kinetic Release Curves Obtained from the L, Phase (MCT-L;), w/o Emulsion
(MCT-w/o0), and Pure QOil, with MCT as the Oil Phase

MCT-Lo/MCT MCT-w/o/MCT
ion (mlz) rate 15 Imax fmax area 0-10 rate 15 Imax tmax area 0-10
33 222 (109) 141 (41) 100 (47) 154 (26)
45 174 (77) 112 (34) 116 (45) 408 (110) 245 (67) 142 (40) 107 (32) 454 (158)
57 149 (59) 92 (17) 101 (25) 367 (51) 242 (63) 153 (28) 78 (39) 572 (112)
71 127 (36) 96 (10) 60 (26) 376 (34) 203 (48) 144 (9) 26 (12) 560 (55)
89 271 (139) 162 (37) 120 (40) 625 (123) 308 (98) 173 (44) 133 (44) 610 (181)
101 283 (141) 157 (32) 110 (48) 631 (111) 300 (127) 161 (36) 75 (36) 608 (133)
117 373 (180) 182 (26) 79 (29) 746 (112) 339 (128) 174 (28) 133 (48) 655 (135)
143 243 (89) 157 (20) 38(22) 664 (84) 225 (70) 146 (14) 39 (28) 592 (82)
157 174 (60) 145 (21) 57 (43) 639 (80) 178 (45) 134 (15) 37(25) 560 (70)

2Data between parentheses correspond to the 95% confidence intervals of the ratio.

Table 5. Ratios? of the Parameters Extracted from the PTR-MS Kinetic Release Curves Obtained from the L, Phase (SF-L,), w/o Emulsion
(SF-w/o), and Pure Oil, with Sunflower Oil (SF) as the Oil Phase

SF-Lo/SF SF-w/o/SF
ion (m/z) rate Iax fmax area 0-10 rate Iax fax area 0-10
33 200 (52) 102 (28) 57 (16) 110 (39)
45 154 (45) 88 (28) 73 (23) 90 (35) 197 (71) 98 (18) 73 (30) 100 (28)
57 106 (41) 59 (5) 91 (44) 60 (10) 216 (73) 115 (9) 70 (21) 116 (18)
71 109 (38) 65 (8) 64 (37) 63 (9) 219 (69) 127 (14) 60 (36) 123 (18)
89 205 (78) 116 (11) 89 (43) 114 (23) 231(91) 118 (12) 111 (34) 119 (33)
101 218(99) 125 (17) 37 (14) 124 (24) 239 (102) 127 (13) 44 (20) 130 (27)
117 241 (119) 133 (17) 66 (26) 134 (23) 257 (94) 129 (18) 55 (19) 129 (26)
143 224 (98) 132 (12) 75 (39) 134 (21) 245 (92) 131 (15) 73 (37) 133 (22)
157 188 (65) 133 (16) 71 (41) 135 (20) 204 (70) 132 (18) 41 (20) 133 (20)

@Data between parentheses correspond to the 95% confidence intervals of the ratio.

The use of sunflower oil in the structured lipid systems rtape 6 Correlation Coefficients? between the Flavor Release
generally led to smaller parameter ratioafle 5). The Parameters and the Interaction Data for the Four Model Systems: L,
differences of dynamic release behavior between the structuredPhase and w/o Emulsion Made from MCT Oil (MCT-L, and MCT-w/o)
emulsions and the pure oil were reduced in the presence ofand L, Phase and w/o Emulsion Made from Sunflower (SF) Oil (SF-L,
sunflower oil. The release trends observed for MCT oil systems and SF-w/o)
remained valid. The rate 15,4, and area 610 parameters
were significantly higher or similar to those obtained from pure

parameter MCT-Lo/MCT MCT-w/o/MCT SF-Lo/SF SF-w/o/SF

sunflower oil, whereas thiax value was significantly lower rate 15 0.80% -007 0.90" 0.51
or similar to that obtained from the pure oil. Overall, the Imax _8'3% _8%; _ggg _g'fg
parameter ratios seemed to demonstrate a greater influence of qea 0-10 0.70* 0.75 0.91* 0.91

the oil nature on the release difference between structured and
nonstructured systems than the system structure itself, i.e., asigificant correlation (n = 9): * p < 0.05. Data in italics were significantly
whether the system contained microdroplets or nanodroplets ofdifferent at p < 0.05, but the plot of the data sets did not result in a linear regression
water. As an exception to this observation, the release of butanolof the points.
and octanol was highly affected by the system structure in the
presence of sunflower oil. Theirmax and area 610 ratios (Imaxand area 6-10) between the 1phases and the oil increased
were much lower in the £ phase than in the w/o emulsion when the aroma compound was less retained by the micro-
(Table 5). The specific dynamic release behavior of the two emulsion, which was shown by the increasing ratios of the
alcohols could be explained by an important retention of these release percentages. The compound retention in tlsgdtems
compounds by the 1 phase (Table 2). was a physicochemical characteristic, which could predict the
The effect of the volatile compound properties on the dynamic initial release rate as well as the maximum intenslifs§ and
release was then particularly examined by plotting the four the total amount of compound released during 10 min. The log
parameter ratios as a function of the volatile compound P values were poorly correlated to the ratios of rate I3y
hydrophobicity and their retention data. and area 0—10 corresponding to thg phases (—0.I= r <
Correlation between Dynamic Release Parameters and  0.5; data not shown). Under the dynamic conditions applied,
Physicochemical Characteristics of the Aroma Compounds.  the data accounting for interactions should be more effective
Table 6 displays the correlation coefficients obtained between to model the aroma release from phases.
the parameters extracted from the release curves and interaction Regarding the w/o emulsions, no significant or consistent
data (release percentage at equilibrium). The three parametergorrelation was found between the release curve parameters and
rate 15,Imax and area ©10 of the L, phases prepared with  the retention data. Interactions between aroma compounds and
both oils were significantly and positively correlated to the the L, phase seemed to be particularly strong and specific to
interaction data of the aroma compounds (Figure 1). The induce an effect on the aroma release rate and intensity. Instead
differences in initial rate (rate 15) and headspace concentrationsof interactions, other thermodynamic and/or kinetic components
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Figure 1. Ratio of /s Vvalues obtained from the dynamic headspace

analysis of the L, phase (MCT oil) and pure MCT oil, as a function of the
relative release of the aroma compounds at equilibrium in the same
systems.

of the flavor release could drive the release from the w/o
emulsions. Rabe et aBT) showed that the initial dynamic flavor
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maximum concentration of the more lipophilic compounds in
the vapor phase would be reached faster.

No correlation betweetyax and logP was demonstrated for
systems made from sunflower oil € —0.1 for the L, phase;
r = —0.5 for the w/o emulsion). In addition, most of thgx
ratios were less than 100 in the presence of sunflower oil
(p = 0.05) (Table 5). The time to reach,ax was shorter for
the structured systems made with sunflower oil than for the pure
oil, whatever the compound hydrophobicity. The oil nature
seemed to affect greatly the influence of the volatile physico-
chemical properties othax The oil hydrophobicity, molarity,
and composition (chain length, unsaturation degree, position of
the esterified fatty acids) may be important factors involved in
thermodynamic and kinetic processes of aroma release (34).

A third set of correlation was found for the w/o emulsion
made from sunflower oil (i) betweén.x and logP (r = 0.83)
and (ii) between area-010 and logP (r = 0.84). The same

release in o/w emulsions was dominated by the experimental Correlations were reported for the phase made from sunflower

oil/water partition coefficient of the volatiles, which was

oil when butanol and octanol were omitted=¢ 0.84). When

consequently used to replace the theoretical octanol/waterSearching for correlations between the dynamic parameters and

partition coefficients and improve the modeling and prediction

log P, an effect of the oil nature on the dynamic release of the

of the release. The volatile concentration in the continuous oil Volatiles was demonstrated, which seemed independent of the

phase of the w/o emulsions determined by the liquid/liquid
partition coefficient could then be of greater importance for the

emulsion structure.
Overall, on the one hand, the correlation betweentthg

release than the relative amount of volatiles in headspace. Thelmax and area 810 parameters and the I¢ydepended on the

kinetic properties of the aroma compounds, i.e., their diffusion

oil used. Moreover, the correlation between rate I}, and

and mass transfer coefficients, into the w/o emulsions should area 0—10 and the interaction data dealt with one type of
also be considered in this dynamic process. Kinetic properties structure, i.e., the microemulsion structure. This tendency could

are affected by the medium texture and microstruct@®. (
However, the viscosity of the A phase and w/o emulsion
differed to a low extent at 70C. The emulsion microstructure
is then more likely to be the kinetic factor that would explain

the differences of correlation observed between the two emul-

sions.

A significant and negative correlation was established be-

tweentmax and logP for the L, phase (r= —0.85) and w/o
emulsion (r= —0.78) made from MCT oil. Thémnax values

help to better select the oils or structures based, respectively,
on the hydrophobicity or retention data of aroma compounds.
This study was limited to two different oils and structured
systems, which means that an instrumental and sensory valida-
tion should be performed on a larger range of oils and oil-based
structured systems.

This work provides indications for potential applications of
the w/o emulsion and the,lphase as aroma delivery systems
when diluted in food products to improve retronasal or ortho-

obtained for these structured multiphasic systems decreasechasal perception. Upon dilution, the structured emulsions

relative to the pure MCT oil as the compound hydrophobicity
increased. A faster release from thgdhase and w/o emulsion
made from MCT oil was then observed for hydrophobic

prepared from MCT oil would provide a faster release of aroma
burst involving hydrophobic compounds and when prepared with
sunflower oil a higher and sustained concentration in headspace

compounds, i.e., octanol, nonanal, and decanal. Conversely, theof hydrophobic volatiles in the headspace (except alcohols in

tmax parameter of the rather hydrophilic compounds (Rg
2) was not significantly different from the one determined in
pure MCT oil (Table 4).

L, phase). Focusing on the;lphase, preliminary retention
information is required in order to better predict the release
patterns of volatiles of interest, i.e., initial release rate, aroma

The more lipophilic molecules were faster released from the burst concentration, and overall released amount. Therefore, the

L, phase and the w/o emulsion, which could be the result of an selection of oils and structures should consider the targeted
exclusion volume effect. The presence of the respective na-temporal release patterns of aroma in the headspace, e.g.,
nometer and micrometer-sized water droplets reduces thewhether a fast aroma burst is preferred rather than a delayed
continuous oily domain. Therefore, the initial concentration of one and for which aroma compounds.

the solubilized hydrophobic volatiles in the oily domain can be
relatively higher than in pure oil. Salvador et aB9j also
proposed the occurrence of an exclusion volume effect to explain
the faster release rate of diacetyl from o/w emulsion than from
water. However, factors such as increased surface area and
dynamics of the emulsion also have to be considered. A second
hypothesis specific to the,lphase structure is linked to its
particularstructured "p.Ophi”C. domain Constitutgd' by the p-cyclodextrin on aroma release and flavor perceptiorgric.
spontaneous and stable interactions .between the oil triglycerides Food Chem?2004,52, 2028—2035.

and the free or adsorbed monoglycerides. Such a structure should (3y Tayior, A. J.; Alston, M. J.; Hemingway, K. M.; Chappel, C.
reduce the Volume Of fl’ee ||p|d m0|eCU|eS and W0u|d |nh|b|t G, |\/||c)tkiewiczl J. A. Flavour de”very Systems Comprising a
the solubilization of hydrophobic solutes in the continuous lipid microemulsion or hydrated reversed micelles. Patent application,
phase. As a consequence, in both structured systems, the WO 99/62357, 1999.
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